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Abstract
“Green” monopropellants based on hydroxylammonium nitrate (HAN) are of interest for
replacing highly toxic hydrazine in space propulsion systems and for other applications. Further,
gelling such propellants may offer additional advantages such as the long-term stability of
compositions with added energetic and catalytic particles in suspension. However, the combustion
mechanisms of HAN-based monopropellants and the effect of gelling on their combustion
characteristics are poorly understood. In the present work, combustion of an aqueous
HAN/methanol solution (70.1 wt% HAN and 14.9 wt% methanol) was studied in a strand burner
at nitrogen pressures up to 30 MPa. A version gelled with 1 wt% polyacrylamide was also studied
under the same conditions. Thermogravimetric analysis, differential scanning calorimetry, and
mass spectrometry were used to investigate the reaction mechanisms of both propellants.
Combustion experiments of the ungelled mixture revealed an increase in the linear burning rate by
over 50 % at 12 – 14 MPa, explained by reaching the critical pressure of the liquid. Other observed
pressure dependencies of the burning rate include a decrease at 9 – 12 MPa, a plateau at 14 – 19
MPa, a decrease at 20 MPa, and an increase at 22 – 30 MPa. The strand burner studies further
showed that gelling the propellant suppressed the multiple pressure regimes, with a consistent
pressure exponent of 1.15 over the tested range of 4 – 30 MPa. Thermoanalytical testing of the
gelled mixture indicates there is no chemical interaction between the gellant and the HAN
decomposition, and the effect of gelling on the combustion of HAN/methanol/water propellants is
hydrodynamic in nature.
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Chapter 1: Introduction
Hydrazine and its derivatives have been a staple of in-space propulsion systems for several
decades [1]. Hydrazine-based propulsion systems are a proven technology with decades of flight
experience [2]. With the development of the Shell 405 catalyst, the exothermic decomposition of
hydrazine can be made to occur at or near standard conditions, requiring little to no pre-heating of
the catalyst and thereby reducing power requirements [1]. It is also a monopropellant, requiring
only a single propellant tank, and eliminating the need for mixing chambers and additional valve
systems required by bipropellants. However, hydrazine is a highly toxic propellant, and this
toxicity is leading to increasing restrictions and higher costs to launch pad operations such as
fueling [2]. As a result, considerable effort has gone into developing a suitable replacement for
hydrazine with reduced toxicity and, ideally, increased performance. Some proposed “green”
monopropellants include high test hydrogen peroxide, nitrous oxide, and mixtures based on ionic
liquids, such as ammonium dinitramide (ADN) and hydroxylammonium nitrate (𝑁𝐻3 𝑂𝐻 + 𝑁𝑂3−,
HAN) [2].
HAN is an ionic liquid, defined as a salt with a melting point below 100 °C [3]. Many
formulations of HAN-based monopropellants can be handled safely with reduced personal
protective equipment due to the reduced toxicity and low vapor pressure [2]. In addition, in
aqueous solution, HAN has a low freezing point and a higher density in comparison to hydrazine.
HAN itself decomposes exothermically at approximately 150 °C [4] and has been investigated as
a potential monopropellant. However, as an oxidizer it is mixed with a fuel component to increase
the specific impulse. Such fuel components include triethanolammonium nitrate (TEAN) [5] [6],
glycine [7], hydroxyethylhydrazinium nitrate (HEHN) [8], and methanol [9] [10]. One such
formulation, AF-M315E, recently renamed to ASCENT (Advanced Spacecraft Energetic Non-
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Toxic) propellant, has been reported to have a theoretical specific impulse of 250 s (22 N Aerojet
Thruster, chamber pressure up to 400 psia, expansion ratio 50), slightly greater than hydrazine
[11]. However, its higher density results in a 50 % greater density-specific impulse than hydrazine,
producing significantly more thrust for the same propellant tank volume.
While propellant systems are generally categorized as liquid or solid propellants, gelled
propellants have also been investigated as a means of combining the advantages of both. A gelled
propellant is a liquid propellant with an additive used to increase its viscosity. Generally, a gel is
defined as a shear thinning, thixotropic fluid, meaning one in which the viscosity decreases with
increasing shear stress or constant shear stress over time [12]. A gelled propellant combines many
of the advantages of both solid and liquid propellants [12] [13]. Similar to liquid-based designs,
gelled propellant engines can be throttled, stopped, and restarted. In addition, gelled propellants
are less susceptible to cracking or accidental ignition through friction or impact when compared
to solid propellants. Due to their high viscosity, spills of gelled propellants are more easily
contained when compared to standard liquids. Perhaps most significantly, the increased viscosity
allows for the addition of energetic additives, such as metal particles, to increase the specific
impulse, with little to no particle sedimentation. Such additives can be used to tailor the propellant
to the specific needs of a mission, while limiting the power requirements necessary for stirring the
tank to maintain a constant mixture.
The goal of the present work is to investigate the combustion mechanism of an aqueous
HAN/methanol propellant. In addition, the effects of a polyacrylamide (PAM) additive as a gellant
are studied. Initial burning rate measurements are performed in a strand burner at nitrogen
pressures up to 30 MPa. To complement combustion studies, thermoanalytical techniques,
including thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and high
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pressure differential scanning calorimetry (HPDSC), are used to better characterize the propellant
mixtures and the effect of the gellant. The specific research objectives are:
•

Determine the combustion regimes and pressure dependencies of the burning rate
of an aqueous HAN/methanol propellant at pressures up to 30 MPa.

•

Determine the effect of gelling with 1 wt% polyacrylamide on the burning rates of
an aqueous HAN/methanol propellant at pressures up to 30 MPa.

•

Investigate the effects of increased pressure (up to 15 MPa) on the thermal and
catalytic decomposition of aqueous HAN solution.

•

Investigate the effects of methanol and polyacrylamide on the decomposition of
HAN at atmospheric and elevated (up to 15 MPa) pressures.

3

Chapter 2: Literature Review
The following is a brief review of the literature available on the decomposition of HAN
and combustion of HAN-based monopropellants. First, an overview of the reaction mechanism,
product gases, and kinetic parameters of HAN thermal (non-catalytic) decomposition will be
presented, followed by a brief review of catalytic decomposition of HAN. Finally, combustion
testing of aqueous HAN and HAN-based monopropellants will be reviewed.
HAN Decomposition
A widely accepted global reaction for the decomposition of HAN is described by the
equation [14]:
4𝑁𝐻3 𝑂𝐻 + 𝑁𝑂3− → 3𝑁2 𝑂 + 3𝐻𝑁𝑂3 + 7𝐻2 𝑂

(1)

However, the full reaction mechanism is much more complicated and has been the subject of
ongoing study for decades. Oxley and Brower proposed a decomposition scheme, shown in Eqs.
2-7 [15]. This mechanism begins with a proton transfer, creating hydroxylamine and nitric acid.
The nitric acid, in turn, reacts with the hydroxylamine in an autocatalytic reaction, leading to the
final products.
𝑁𝐻3 𝑂𝐻 + 𝑁𝑂3− ↔ 𝑁𝐻2 𝑂𝐻 + 𝐻𝑁𝑂3

(2)

𝑁𝐻2 𝑂𝐻 + 𝐻𝑁𝑂3 → 𝐻𝑁𝑂 + 𝐻𝑁𝑂2 + 𝐻2 𝑂

(3)

𝑁𝐻2 𝑂𝐻 + 𝐻𝑁𝑂2 → 𝑁2 𝑂 + 2𝐻2 𝑂

(4)

𝑁𝐻2 𝑂𝐻 + 𝐻𝑁𝑂 → 𝑁2 + 2𝐻2 𝑂

(5)

𝐻𝑁𝑂 + 𝐻𝑁𝑂3 → 2𝐻𝑁𝑂2

(6)

𝐻𝑁𝑂2 + 𝐻𝑁𝑂3 → 2𝑁𝑂2 + 𝐻2 𝑂

(7)
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Lee and Litzinger later built on this mechanism in two significant ways [16]. First, they
added water to both sides of the proton transfer reaction (Eq. 2) to account for the role of the
solvent in the condensed phase initial reaction:
𝑁𝐻3 𝑂𝐻 + 𝑁𝑂3− + 𝐻2 𝑂 ↔ 𝑁𝐻2 𝑂𝐻 + 𝐻𝑁𝑂3 + 𝐻2 𝑂

(8)

Second, two additional reactions were added, shown in Eqs. 9 and 10. Notably, Eq. 10 introduces
a mechanism for the production of nitric oxide (NO), which was observed in their experiments and
will be discussed further later.
2𝐻𝑁𝑂 → 𝑁2 𝑂 + 𝐻2 𝑂

(9)

3𝐻𝑁𝑂2 → 2𝑁𝑂 + 𝐻𝑁𝑂3 + 𝐻2 𝑂

(10)

This mechanism has been developed based on the experimental studies. The results of some
of them are presented below.
Oxley and Brower conducted thermal decomposition of HAN in sealed glass capillaries at
129 or 139 °C, with evolved gas analysis through Fourier transform infrared (FTIR) spectroscopy
or gas chromatography (GC) [15]. Nitrous oxide (N2O) was the most prevalent product gas, with
nitrogen gas and nitric oxide also identified. Nitrogen dioxide (NO2) was also observed but only
later in the reaction. The authors assumed the initial products were N2O and N2, with NO2 and NO
resulting from the decomposition of N2O and HNO3. The reaction described by Eq. 3 was
identified as the rate-limiting step. The nitrous acid (HONO) produced in this reaction immediately
reacts with hydroxylamine (Eq. 4), preventing its accumulation. The runaway stage occurs when
nitrous acid forms rapidly enough to become concentrated and Eq. 7 becomes prevalent. Finally,
it was observed that added water led to significant variations in induction time which prevented
consistent results.

5

Cronin and Brill performed rapid thermolysis of solid HAN [17]. Heating rates of 130 ±
10 K/s up to 600 K (327 °C) were used at pressures up to 1000 psi (6.9 MPa). Below 100 psi (0.69
MPa), the main products identified by FTIR spectroscopy were HNO3, N2O, and NO2. Water was
also identified but was neither quantified nor sourced (whether desorption or production). In
addition, note that symmetrical diatomic products, such as N2, cannot be identified using FTIR
spectroscopy. The composition of the identified product gases remained generally consistent over
time at constant pressure, although some minor change was seen as pressure was varied. However,
above 100 psi (0.69 MPa), significant fluctuations in the concentrations of product gases were
observed in individual tests (see Figure 2.1). After a rapid surge of water at the onset of the
reaction, HNO3 and NO2 were observed, followed by N2O. In some experiments NO2 and N2O
were seen in reverse order. While NO2 typically remained steady at 20 – 30 % of product gases,
HNO3 and N2O concentrations repeatedly alternated within a single test. Notably, increased H2O
content delayed this crossing, and it was rare at concentrations below 12 M, suggesting a role of
water in the decomposition mechanism. Nitric oxide was not observed, implying a concentration
below 2 %. The authors suggested HONO and NO gases may be more readily observed in slow or
time-delayed analysis.

6

Figure 2.1: Product gases from solid HAN decomposition during rapid thermolysis at 500 psi
argon [17].

Rafeev and Rubtsov examined the thermal decomposition of solid HAN in evacuated glass
ampules at temperatures 84.8 – 120.9 °C [18]. Using IR spectroscopy, the identified product gases
were NO2, NO, N2O, and H2O. Based on the rate of heat release under isothermal conditions, an
effective activation energy of 64.0 ± 7.5 kJ/mol was reported for a reaction of second order with
respect to HNO3. Note that this does not specifically account for the proton transfer reaction, which
has been proposed as the initial step of HAN decomposition. The authors estimated an activation
energy of 29 – 50 kJ/mol for the reaction between HNO3 and NH3+OH after accounting for heat
release effects; however, in aqueous solutions, the activation energy was 104.6 kJ/mol, attributed
to Gowland and Stedman [19].
Several studies at Pennsylvania State University focused on the decomposition of HAN.
An initial study used laser heating to ignite 13 M aqueous HAN solution at pressures up to 1 atm
[20]. Mass spectroscopy indicated the major products were H2O (initially from evaporation of the
solvent), NO, N2O, NO2, N2, and O2. No evidence of HNO3 was observed, and the authors
7

suggested the concentration of the acid had been below the sensitivity of the instrument. Lee and
Litzinger studied the thermolysis of HAN at 160 and 180 °C and atmospheric pressure and
simultaneously analyzed the product gases using rapid scan FTIR spectroscopy [21]. The product
gases detected were H2O, NO, N2O, HNO3, and NO2. Here, HNO3 was easily identified early in
the decomposition, and decreased over time as NO2 increased. Increased water content (13 M to
9 M) led to a longer delay in the development of product gases. Tests of solid HAN at 160 °C led
to a long induction period and delay in gas production compared to aqueous solutions, indicating
the importance of water in advancing the reaction. This effect was suggested to be a result of
hydrogen bonding in solid HAN between the hydrogen atoms of NH3OH+ and the oxygen atoms
of NO3-. At 180 °C, this effect was absent as the increased energy of the system more easily
overcame the binding energy.
Katsumi et al. performed differential thermal analysis (DTA) on a mixture of HAN,
ammonium nitrate (AN), and water (95/5/8 mass ratio, respectively) at elevated pressures as part
of an investigation of SHP163 (HAN/AN/water/methanol at 95/5/8/21 mass ratio) [10]. Samples
were heated at 20 K/min in an aluminum crucible at 0.1 – 5 MPa. As shown in Fig. 2.2, the onset
temperature of decomposition was reduced by approximately 45 °C when the pressure was
increased beyond 3 MPa. This critical pressure appears to correspond to a change in the burning
regime and will be discussed further in the combustion studies section. The reported temperature
for the onset of decomposition was 166 – 176 °C at pressures below 3 MPa; above 3 MPa, it was
112 – 137 °C. The addition of methanol to the mixture resulted in a lower onset temperature at the
same pressure, but less pronounced (-20 °C).
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Figure 2.2: Onset temperature of exothermic decomposition versus pressure for HAN/AN/water
control composition (points 1) and SHP163 composition (with methanol) (points 2) from DTA
[10].

In a later work, Katsumi et al. studied decomposition of a 95 wt% HAN aqueous solution
at atmospheric pressure using DTA-TG combined with GC-MS at a heating rate of 1 K/min (see
Fig. 2.3) [22]. An initial 5 % loss in mass at temperatures below 100 °C was attributed to the
evaporation of the water. The remaining mass loss occurred steadily at 100 – 160 °C, with no
further mass loss beyond 160 °C. Coinciding with the mass loss, an endothermic process was
reported (note this is a very unusual result). The identified product gases were H2O, NO, N2O,
NO2, and HNO3.

9

Figure 2.3: DTA of 95 wt% aqueous HAN solution decomposition (heating rate: 1 K/min) [22].

Amrousse et al. studied thermal decomposition of a 95 wt% aqueous HAN solution using
TGA and DTA with a heating rate of 10 °C/min (see Fig. 2.4) [23]. An early endotherm
corresponded to the evaporation of the solvent water, and two exothermic peaks were seen in the
concentrated HAN decomposition. A decomposition temperature of 155 °C was reported based on
the DTA-TGA experiments. Testing of the HAN solution in a constant volume batch reactor
(168 mL [24]) yielded a decomposition temperature of 152 °C and an increase in pressure of 202
mbar (20.2 kPa) from 1 bar initial pressure. It was also reported that by reducing the HAN
concentration to 80 and 60 wt%, the decomposition temperature was increased to 167 and 175 °C,
respectively, in the DTA-TGA, and 164 and 173 °C, respectively, in the batch reactor. In addition,
the pressure increase was reduced with increased water content. The authors proposed that the
water must be completely evaporated prior to HAN decomposition; however, this discussion was
not extensively pursued. It should be noted that the authors reported using aluminum crucibles
which were “covered by a cap” during DTA. The authors did not explain if this configuration
constituted a truly sealed crucible.
10

Figure 2.4: TG-DTA of 95 wt% aqueous HAN solution decomposition (heating rate: 10 K/min)
[23].

Esparza et al. conducted TGA (Fig. 2.5) and DSC (Fig. 2.6) of 24 wt% HAN aqueous
solutions [4]. Note that the authors performed vacuum cycling on the instruments prior to the start
of the heating program. As a result, the complete evaporation of water was assumed, while
allowing for the possibility of some negligible amount of remaining bonded water. Based on DSC
data, the activation energy of the thermal decomposition was shown to be 62.2 ± 3.7 kJ/mol, with
a pre-exponential factor of 2.24 x 104 s-1. From the TGA results, these kinetic parameters were
determined to be 57.5 ± 3.5 kJ/mol and 3.55 x 103 s-1, respectively. In both cases, the kinetic
parameters were calculated according to the Ozawa-Flynn-Wall method (TGA data at 20 %
conversion). Using mass spectrometry, the product gases were identified as H2O, NO, N2O, NO2,
and HNO3. There was some evidence of N2 as well, but it could not be definitively sourced as a
decomposition product or residual air in the furnace.
11

Figure 2.5: TGA of 24 wt% aqueous HAN solution decomposition after vacuum cycles [4].

Figure 2.6: DSC of 24 wt% aqueous HAN solution decomposition after vacuum cycles [4].

Katsumi et al. investigated the catalytic decomposition of a 95 wt% HAN aqueous solution
at atmospheric pressure using DTA-TG coupled with GC-MS at 1 K/min heating rate [22]. The
catalyst used was 32 wt% iridium supported on alumina powder, with 0.05 mg catalyst combined
with 1.5 μL of aqueous HAN in an aluminum pan. A pronounced exothermic peak occurred at 65
– 75 °C, accompanied by rapid loss of nearly 100 % of the mass (see Fig. 2.7). The product gases
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were the same as those previously identified in thermal decomposition (H2O, NO, N2O, NO2, and
HNO3). Based on the similarity in product gases, the reaction mechanism of Lee and Litzinger
[16] was applied to the catalytic decomposition. The catalyst was proposed to activate the initial
proton transfer reaction (Eqs. 2 and 8).

Figure 2.7: DTA of 95 wt% aqueous HAN solution decomposition (heating rate: 1 K/min) [22].

Amrousse et al. investigated the catalytic decomposition of 95 wt% HAN with 10 wt%
iridium on alumina using DTA-TG and a constant volume batch reactor [23]. The catalyst was
shown to decrease the decomposition temperature to 47 °C (from 155 °C) in the DTA-TG, as seen
in Fig. 2.8. As with thermal decomposition, the decomposition temperature increased with
increasing water content. At the highest concentration (95 wt% HAN), catalytic decomposition
occurred at 21 °C (from 152 °C) in the batch reactor. Again, increasing the water content led to a
corresponding rise in the decomposition temperature, as seen in thermal decomposition testing.
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Figure 2.8: TG-DTA of 95 wt% aqueous HAN solution decomposition (heating rate: 1 K/min)
[23].

Esparza et al. conducted TGA of aqueous HAN solution (24 wt% HAN) using an iridiumrhodium foam pellet (Ultramet) [4]. As described above, a series of vacuum cycles removed most,
if not all, of the water prior to the start of the heating program. The temperature of complete
decomposition was found to fall by approximately 60 °C, to roughly 155 °C in the runs conducted
at a heating rate of 5 K/min. Figure 2.9 compares the TGA results of thermal versus catalytic
decomposition. Concurrent MS analysis indicated no change in the evolved gases between thermal
and catalytic testing.
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Figure 2.9: TGA of 24 wt% aqueous HAN solution decomposition after vacuum cycles, with and
without Ir-based foam catalyst (heating rate: 5 K/min) [4].

Combustion Studies
Vosen conducted strand burner studies of LP1846 (60.8 wt% HAN, 19.2 wt% TEAN, 20
wt% water), as well as a 9.1 M aqueous HAN solution, at pressures 6.7 – 30 MPa [5]. The author
observed a decreasing burning rate of LP1846 with increasing pressure as shown in Fig. 2.10. A
similar effect was observed with the aqueous HAN solution, and a general correlation between the
LP1846 and aqueous HAN burning rates was detected. Vosen proposed a two-stage combustion
mechanism, in which the HAN decomposed first followed by a reaction of the HAN decomposition
products and the TEAN fuel. A schematic of this model is shown in Fig. 2.11. As a result, the
HAN decomposition reaction was the determining factor in the burning rate. The HAN
decomposition itself was found to account for approximately 20 % of the total heat release of the
propellant, illustrating the importance of the fuel additive. Vosen also reported that a visible flame
was only present at the highest pressures (above 26.7 MPa). Later studies with a smaller strand
tube indicated the quenching distance of the HAN decomposition was less than 1.8 mm; however,
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for the reaction between HAN decomposition products and TEAN it was between 1.8 and 5 mm
[25].

Figure 2.10: Linear burning rates of LP1846 and 9.1 M aqueous HAN solution [5].

Figure 2.11: Proposed model of LP1846 combustion [5].
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Vosen further studied the burning rates of aqueous HAN solutions of various
concentrations at pressures 6 – 34 MPa [26]. The lowest concentration, 27 wt%, was unable to
sustain combustion at any pressure. At concentrations of 41 – 64 wt%, the mass decomposition
rate (rather than the apparent burning rate) fell with increasing pressure to 13 MPa (see Fig. 2.12).
Beyond 13 MPa, the mass decomposition rate of solutions with these concentrations became
pressure independent. In contrast, at HAN concentrations of 73 and 82 wt%, the mass
decomposition rate continually decreased over the entire tested pressure range. In addition, Vosen
observed a meniscus which became less pronounced with increasing pressure, illustrated in the
insets of Fig. 2.12. At the lower concentrations, the meniscus eventually disappears at roughly
13 MPa, corresponding to the advent of pressure independence. However, at the higher
concentrations where pressure independence is never achieved, the meniscus never disappears,
although the surface remains highly corrugated under all conditions. Vosen proposed that
hydrodynamic instabilities, correlated to the density ratio of the products to the original solution,
were the cause of the decreasing burning rates.
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Figure 2.12: Apparent mass decomposition rates of aqueous HAN solution, various
concentrations [26].

Further studies of LP1846, now called XM46, were conducted by Chang, Boyer, and Kuo
and extended the investigated pressure range of the mixture to 200 MPa [6]. The overall trends of
the burning rates are shown in Fig. 2.13. The burning rate increased as pressure was raised to
5 MPa, then fell with increased pressure until stabilizing at about 30 MPa. At 100 MPa, the burning
rate began to increase again for the rest of the tested pressures. A region of dark, opaque gases
filled the sample tube above the liquid-gas interface at the lowest tested pressures. At 13 MPa, this
region became smaller, giving way to a transparent zone. At 27 MPa, the dark region had nearly
disappeared, and a luminous flame appeared atop the transparent zone, as also seen in [5]. Further
pressure increases resulted in the receding of the transparent zone as the flame moved closer to the
liquid-gas interface. The authors proposed a simultaneous decomposition of HAN and TEAN, a
phenomenon supported by gas evolution results of XM46 seen in [20]. In this model, the reaction
of the HAN and TEAN products occurs immediately following their decomposition.
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Figure 2.13: Burning rates of XM46 (black symbols) compared to previously published results
[6].

Chang et al. studied two formulations of HAN using methanol as the fuel component at
pressures 0.74 – 7.3 MPa [9]. The first, named HAN269MEO15, was 69.70 wt% HAN, 0.60 wt%
AN, 14.79 wt% methanol, and 14.91 wt% water. The second, HAN284MEO17, was 77.25 wt%
HAN, 0.67 wt% AN, 17.19 wt% methanol, and 4.89 wt% water. The two formulations maintained
identical mass ratios of HAN/AN/methanol, and only the water concentration was varied. Note the
first number in the formulation name is the theoretical specific impulse (Isp), and the second
number the methanol concentration. The burning rates of the two formulations are shown in
Fig. 2.14. The first mixture resulted in five pressure-based burning regimes over the tested
pressures. The burning rate increased by an order of magnitude at 1.13 – 1.27 MPa, and negative
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pressure exponents were reported at 1.93 – 6.4 MPa. In contrast, the second formulation produced
only two burning regimes, both with positive pressure exponents. While it was expected that the
second propellant with less water was the more energetic (based on the calculated specific
impulse), it produced lower burning rates over the tested pressure range. Temperatures recorded
during the experiments indicated that the temperature was restrained between the boiling points of
methanol and water at the tested pressure, except the higher pressure tests of HAN284MEO17
(above roughly 2.8 MPa). This indicated that the latent heat of water is restricting the combustion
front temperature and slowing the reaction rate.

Figure 2.14: Comparison of two HAN/AN/methanol/water propellant mixtures [9].

Katsumi et al. conducted several experiments involving both aqueous HAN solutions and
SHP163 [10]. A comparison of the burning rates of the two mixtures is shown in Fig. 2.15. A
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control mixture (without methanol) exhibited a rapid increase in burning rate at approximately
3 MPa (similar to thermoanalytical experiments described above). At the low pressure, slower
burning rate, this mixture exhibited small transparent bubbles at the liquid-gas interface, with
larger bubbles colored brown; the combustion front, however, was relatively stable. At the higher
burning rates, large bubbles of brown gas are predominant through the combustion front. The
addition of methanol suppressed the rapid increase at 3 MPa, and the burning rate instead increased
more steadily as pressure was increased to 7 MPa. At lower pressures, the combustion front
resembled the slower burning control mixture results; at higher pressures, the combustion front
vibrated with large bubbles and a luminous flame was seen. Temperature measurements showed
an increase in temperature to the boiling point of the liquid, then a sudden increase to the flame
temperature. The authors theorized that the rapid increase in burning rate in the control
composition was due to large bubbles produced by HAN decomposition. At higher pressures, these
bubbles penetrated the liquid-gas interface. The surface tension of the liquid allowed the HAN
decomposition reactions to proceed to a greater completeness, releasing more energy and
superheating the liquid. This in turn resulted in an exponential increase in nucleation and created
more bubbles, ultimately leading to a significantly larger burning surface area and a higher
apparent burning rate. Temperature measurements indicated that the temperature stabilized at
approximately the boiling point of water for all concentrations except 95 wt% HAN, in which the
temperature increased to about 700 K.
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Figure 2.15: Burning rates of SHP163 (points 1) and HAN/AN/water mixture (points 2) [10].

Katsumi et al. further studied aqueous HAN solutions of various concentrations (95, 85,
82.5, 80, 77.5, 64, and 50 wt% HAN) at pressures 1 – 10 MPa [27]. As seen in Fig. 2.16, the
highest burning rates occurred at 80 wt% HAN; increasing or decreasing the water content resulted
in lower burning rates. At 82.5 and 77.5 wt% HAN, burning rates were nearly as fast. In addition,
the 82.5 and 80 wt% HAN solutions appear to have the greatest increase in burning rate at 1.5 –
2.5 MPa; i.e., there was a very rapid increase in the burning rate over a relatively short pressure
range. It was theorized that superheating governed the burning rates. As the large bubbles
penetrated into the liquid, this superheated the condensed phase fluid and greatly increased
nucleation. Two competing factors were identified which resulted in the fastest burning rates in
the 80 wt% solution. At concentrations above 80 wt%, the two-phase region was shortened by the
reduced water content. The produced heat boiled off the water, and the combustion zone became
constricted. In contrast, below 80 wt%, the water content absorbed additional heat and the
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temperature was restrained by the specific heat capacity of the liquid water. In either case, the
superheating effect was lessened, and the apparent burning rates slowed as a result.

Figure 2.16 Burning rates of 50 – 95 wt% HAN aqueous solution, with previously published
results for comparison [27].

McCown and Petersen investigated an 82.4 wt% aqueous HAN solution as well as an
aqueous HAN/methanol blend (70.1 wt% HAN, 14.9 wt% methanol) at pressures up to 22 MPa
[28]. The burning rate of the aqueous HAN solution rapidly increased as pressure increased to
5 MPa, then fell with continued increase in pressure (see Fig. 2.17). The addition of methanol
significantly increased the burning rates at the lowest tested pressures (up to 5 MPa). A total of six
pressure regimes were identified at pressures 3 – 22 MPa for the HAN/methanol propellant,
including four with negative pressure exponents.
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Figure 2.17: Burning rates of 82.4 wt% Han aqueous solution and HAN/water/methanol mixtures
[28].

For convenience, the composition of the HAN/methanol based propellant mixtures is
summarized in Table 2.1. Note the similarity in the compositions of the SHP163 and HAN284
mixtures; similarly, the formulations of the HAN269 and Petersen mixtures are also analogous to
each other.

Table 2.1: Comparison of HAN/methanol propellant mixtures.
SHP163 [10]

HAN284 [9]

HAN269 [9]

Petersen [28]

wt%

mol%

wt%

mol%

wt%

mol%

wt%

mol%

HAN

73.6

46.1

77.25

49.1

69.7

35.9

70.1

36.1

AN

3.9

3.0

0.67

0.5

0.6

0.4

-

-

Methanol

16.3

30.3

17.19

33.9

14.79

22.8

14.9

22.8

Water

6.2

20.6

4.89

16.6

14.91

40.9

15.0

41.1
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Gelled Propellants
As described above, a gelled propellant is a liquid propellant to which a gellant has been
added to increase the viscosity [12]. The many advantages of gelled propellants have inspired
numerous investigations of various gelled versions of liquid propellants. However, there are
several disadvantages of gels which require further study. Because they are shear-thinning,
thixotropic fluids, they require additional pumping power when compared to liquids [12]. Gelled
propellant engines are also necessarily more complex than solid rocket motors [29]. They are also
more difficult to atomize, which may require a longer combustion chamber to achieve complete
combustion [12]. Similarly, gels have been shown to burn longer than their comparable ungelled
versions. Particle sedimentation and clogging must be accounted for in flow and injector designs,
and incomplete combustion can leave thick residues which may clog the combustion chamber or
nozzle [12]. Gelled propellants also have lower specific impulse than most cryogenic bipropellants
[29]. These and other areas remain the focus of ongoing research.
Nachmoni and Natan studied droplet combustion of JP-5, both liquid and gelled, at various
pressures [30]. An “organic metallic gellant” was used in concentrations of 2, 3, and 5%. At higher
gellant concentrations, the heat required for ignition, the ignition delay, the droplet temperature,
and the burning time all increased. Because the droplet temperature is limited by the latent heat of
vaporization, this indicates a higher boiling point with increased loading of the gellant. DSC
showed the latent heat of vaporization was increased by up to 60 % for the highest concentration
of gellant. The reduction in burning rate with increased gellant content was more pronounced at
higher pressures.
Freudenmann et al. conducted TG/DSC of nitromethane mixtures, both metallized and nonmetallized, in inert and oxidizing atmospheres [31]. In all cases, the nitromethane completely
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evaporated by 100 °C, although some later reactions involving the oxidizing gas and the gellant or
aluminum particles were seen to occur. These results were supported by FTIR spectroscopy.
Sabourin et al studied nitromethane gelled with CAB-O-SIL (primarily silica) at pressures
up to 14.2 MPa [32]. At constant pressure, the addition of the gellant up to a maximum loading of
1 – 3 wt% increased the burning rate, possibly as a result of increased heat transfer or a catalytic
effect, before the burning rate began to decrease again due to decreased energy density. It was
calculated that the addition of 3 wt% CAB-O-SIL reduced the heat of reaction of nitromethane by
3.1 %. In addition, it was observed that the addition of the fumed silica reduced the pressure
exponent. This effect was also observed for gelled nitromethane with nano-aluminum additives.
Gautham and Ramakrishna conducted TGA/DSC of aluminum/water mixtures gelled with
polyacrylamide [33]. Significant evaporation of water occurred by 100 °C, although not enough to
account for all water in the sample. A mild exotherm was observed around 500 °C, which the
authors attributed to steam reacting with the aluminum. Note, however, that the tests were
conducted in open pans under 150 mL/min nitrogen flow, likely removing any residual steam from
the sample. Strand burner testing showed a positive pressure exponent at pressures 3 – 6 MPa.
Aluminum used was both as received and mechanically activated with polytetrafluoroethylene
(PTFE). The mechanically activated aluminum left notably less residue. Further testing revealed a
significantly higher thermal conductivity for the nonactivated aluminum mixture, which increased
the heat losses and led to a higher amount of condensed alumina. A similar effect was observed
when the diameter of the strand sample was reduced.
Concerning gelled HAN-based monopropellants, there are few studies to be found in the
available literature. The US Army sponsored testing of several gelled HAN-based
monopropellants for use as potential gun propellants, including XM46 with 1 wt% Rhamsam and
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2 wt% Kelzan [34], NOS-365 with 1.5 and 2 wt% Kelzan [35], 9.1 M aqueous HAN [36], and
LGP1845 with 2 wt% Kelzan [37]. Tests of some of these mixtures are summarized in Fig. 2.18.
In all the investigations, the burning rates were limited to either one or two burning regimes. A
nearly constant positive pressure exponent was calculated, with a break at approximately 70 MPa
in some propellant formulations.

Figure 2.18: Burn rates of various gelled HAN-based propellants [34].

Kondrikov et al. investigated a mixture of HAN and monoethanolamine nitrate (EAN) as
well as a 64 wt% aqueous HAN solution, both ungelled and gelled with polyacrylamide [38]. As
shown in Fig. 2.19, the propellant mixture exhibited rapid burning rates (above 200 mm/s) with a
weak pressure dependence. By comparison, the burning rate of the gelled mixture rose rapidly as
pressure increased to approximately 8 MPa, beyond which the burning rate continued to increase
at a slower rate than in the ungelled mixture experiments. For the aqueous HAN solution, the gelled
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version exhibited a similar rapid increase in burning rate as pressure increased to 8 MPa, then fell
to a local minimum at 11 MPa before rising again.

Figure 2.19: Apparent burning rates with pressure of crystalline HAN (points 1),
HAN/EAN/water mixture (points 2), gelled 64 wt% HAN aqueous solution (points 3), gelled
HAN/EAN/water mixture (points 4), and 64 wt% HAN aqueous solution (points 5) [38].

Thomas et al. gelled an 82.4 wt% aqueous HAN solution (also described above) with
1 – 3 wt% silica or titania particles [39]. The results are shown in Fig. 2.20. Fumed silica increased
the liquid burning rate at low pressures (below 10 MPa) and the overall burning rate (including
gas phase reactions after the exhaustion of the liquid sample) at all pressures. Titania increased
only the overall burning rate at the pressures below 5.7 MPa and had no effect at higher pressures.
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Notably, increasing the silica content from 1 to 3 wt% also further increased the burning rate; this
effect was not seen with titania. While the authors did not expressly state this observation, the
pressure exponents in the effected pressure ranges appeared to be lower than that of the ungelled
aqueous HAN solution. The authors discussed several possible causes for the increased burning
rates with the additives. Dismissing thermal, rheological, and chemical causes, the authors
proposed a catalytic effect.

Figure 2.20: Apparent burning rates of 82.4 wt% HAN aqueous solution with silica and titania
particles [28].

Summary
In summary, the exothermic thermal decomposition of HAN occurs at temperatures below
200 °C and can be lowered by at least 60 °C with the use of an iridium-based catalyst. The reaction
begins with a proton transfer leading to hydroxylamine and nitric acid, which in turn react as the
rate limiting step. Whether thermally or catalytically, the reaction mechanism is unchanged, and
the decomposition products include H2O, NO, N2O, NO2 and HNO3. Some researchers have
indicated N2 as a product, but this has not been consistently reported. Water has been shown to
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increase the decomposition temperature and the ignition delay, although the latter effect appears
to be temperature-based. Some investigators have proposed that water must be evaporated prior to
HAN decomposition; however, it is unclear how increased water content could affect the
decomposition in thermoanalytical experiments with slow heating rates if complete water
evaporation is assumed. The effect of water may be primarily to break the bonds between the
hydroxylamine and nitric acid ions. There is little in the available literature, however, concerning
the decomposition of HAN at elevated pressures. In addition, the effects of additives such as fuel
or gellants on the decomposition temperature have not been presented.
It is widely accepted that HAN-based monopropellants undergo a two-stage combustion
process, in which the HAN decomposes into oxidizing gases first, followed by the reaction of these
product gases with the fuel component. While the decomposition of HAN is itself exothermic, the
majority of the heat release (and any visible flame) results from the reaction of the HAN
decomposition product gases with the fuel. The concentration of water in HAN-based propellants
influences the burning rates, increasing the burning rates to a limit of “ideal” concentration before
decreasing again. It is also apparent that HAN-based monopropellants lead to fluctuating burning
rates with increasing pressure. Rapid increases in burning rates associated with relatively small
changes in the test pressure have been reported. In addition, the unusual phenomenon of decreasing
burning rates with increasing pressure has been routinely observed with HAN-based propellant
mixtures. The causes of these observed fluctuations in burning regimes are not well understood,
and the phenomenon remains a topic of investigation.
Gelled propellants combine many of the advantages of liquid and solid propellants. In
gelled propellants other than HAN-based mixtures, the gellant has been shown to increase boiling
points and ignition delay times. However, little in the available literature is focused on gelled
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HAN-based propellants. The use of various gelling agents has been generally shown to
significantly reduce or eliminate the fluctuating burning rates seen with increasing pressure, as
well as reduce the pressure exponent of the burning regimes. The apparent burning rates, however,
may decrease or increase with gellant addition at a given pressure, depending on the formulation.
The mechanism behind the suppression of the fluctuating burning rates has not been clarified.
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Chapter 3: Experimental
Materials and Processing
The aqueous solution of HAN (24 wt%), anhydrous methanol, and polyacrylamide were
purchased from Millipore Sigma. The methanol and polyacrylamide were used as received. To
increase the HAN concentration, the solution was placed into a vacuum desiccator attached to
vacuum pump (Welch DryFast 2034) at ambient temperature. A schematic of this process is shown
in Fig. 3.1. The solution was occasionally removed from the vacuum desiccator to verify the mass
during evaporation, until an aqueous solution of 82.4 wt % HAN was achieved. Mass loss was
assumed to be water. If the final HAN concentration was too high, additional amounts of the
original 24 wt% HAN aqueous solution were added to achieve the desired 82.4 wt% HAN solution.
The evaporation process typically took 1 – 3 days and appeared to be significantly affected by the
ambient temperature at the strand burner facility, which was not climate controlled. In particular,
the rate of mass loss was much faster in the summer, when temperatures regularly exceed 100 °F
(38 °C), while in winter, the evaporation process was much less effective. Later evaporations were
conducted in a vacuum chamber equipped with an oven set to 40 °C, which decreased the time of
the evaporation process and had no discernable effect on the combustion testing.
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Figure 3.1: Schematic of vacuum desiccator configuration for increasing HAN concentration in
aqueous solution.

To prepare the aqueous HAN/methanol solution, the appropriate amount of anhydrous
methanol was added to the previously prepared 82.4 wt% aqueous HAN solution and
shaken/stirred to accomplish mixing. The result was a consistent clear fluid, with no visible
separation. The final propellant mixture was 70.1 wt% HAN, 14.9 wt% methanol, and 15.0 wt%
water, identical to the mixture in [28].
The gelled propellant was created by adding an additional 1 wt% polyacrylamide to the
liquid mixture and mixing in an acoustic resonant mixer (Resodyn LabRAM). For combustion
experiments of ungelled propellants, these samples were initially prepared on the day of testing.
Due to restrictions later implemented during the COVID-19 pandemic, mixing of the gelled
propellants was often required to be completed 1 – 2 days prior to testing. In such cases, an
additional 5 min of mixing was accomplished using the acoustic mixer on the day of testing.
However, for thermoanalytical studies, the samples (both ungelled and gelled) were typically

33

prepared and stored for several weeks during ongoing testing, due to the extremely small samples
sizes required. The final propellant mixture appeared generally consistent, with a clearly higher
viscosity than the ungelled propellant.

Combustion Experiments
Combustion studies were conducted in a strand burner designed and installed by Design
Integrated Technologies, Inc. It is capable of operating at nitrogen pressures up to 5000 psi
(34.5 MPa). A thermal bath controls the temperature of the pressure vessel where combustion
occurs. The pressure setting and ignition/timing of the strand burner is controlled at a remote
control console (Fig. 3.2a). The nitrogen gas was purchased from AirGas and pumped into the
inlet tanks using a gas booster (Fig. 3.2b). The inlet tanks, in turn, provide pressure to the surge
tank. The surge tank pressure is adjustable up to a maximum of slightly less than the pressure of
the inlet tanks. The surge tank is then used to pressurize the test cell (Fig. 3.2c). Note that the valve
between the surge tank (39.6 L) and the test cell (1.114 L) remains open during testing,
significantly expanding the size of the control volume. This had the effect of minimizing pressure
increases during combustion when compared to other studies available in the literature. By
contrast, the inlet tanks were sealed off from the rest of the system and thus could be maintained
at any pressure above the intended test pressure. Once the test was complete, the valve between
the surge tank and the test cell is closed, and the pressure in the test cell released. In this way, the
gas in the surge tank can be maintained for subsequent testing.
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a)

b)

c)
Figure 3.2: Strand burner: (a) remote control console, (b) gas rack, and (c) test cell.

The sample is ignited by an electrically heated Nichrome wire (0.51 mm diameter). The
velocity of the combustion front is measured by two fuse wires (0.25 mm diameter, BFW-1/2
Cooper Bussman) located 3.5 in (88.9 mm) apart. As the combustion front propagates downward,
the breaking of the fuse wires automatically starts and stops a timer on the control console. The
average velocity of the front (the linear burning rate) is determined from the known time and
distance between the wires.
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Because the strand burner was originally intended for solid propellant samples, a quartz
tube (9 mm OD, 7 mm ID) was used to contain the liquid propellant (see Fig. 3.3). These sample
tubes were approximately 13 cm in length and sealed on one end with epoxy (JB Weld ClearWeld
Quick-Setting Epoxy). To accommodate the ignition and fuse wires, three sets of holes were drilled
through the tube, the appropriate wires inserted, and the holes sealed with the same epoxy. Once
the epoxy was applied, the sample tube was allowed to set for a minimum of 24 hours prior to
testing. The average measured distance between the fuse wires was 88.86 ± 1.63 mm, and the
distance between the ignition and first fuse wire approximately 10 mm.

a)

b)
Figure 3.3: Sample tube installed on test head (a), schematic of sample tube (b).

Before the test, the sample tube wires were attached to the test head leads. To ensure
stability of the sample tube, the tube was further affixed to the test head using black electrical tape
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(not shown in Fig. 3.3). The propellant mixture, whether ungelled or gelled, was inserted into the
prepared sample tube using a pipette with a clean tip. The test head, with the sample, was then
inserted into the test cell and secured by twisting into place and inserting a safety pin. At this time,
the test cell was pressurized and the pressure further adjusted to the intended test pressure at the
control console. Pressurization was very rapid and typically had the effect of significantly heating
the combustion chamber, particularly at high pressures and summer temperatures, and the time
needed to adjust the pressure (typically 10 – 20 min) allowed the chamber to cool down to roughly
25 °C.

Thermoanalytical Experiments at Atmospheric Pressure
Thermoanalytical studies at atmospheric pressure were conducted using a differential
scanning calorimeter (Netzsch DSC 404 F1 Pegasus, Fig. 3.4) and a thermogravimetric analyzer
(Netzsch TGA 209 F1 Iris, Fig. 3.5). Evolved gas analysis was conducted for all DSC experiments
using a mass spectrometer (Netzsch QMS Aëolos) attached to the DSC via a heated capillary tube
(200 °C). The TGA uses a microbalance to determine the mass loss or gain during a heating or
cooling program. In this way, the rate of mass change due to reaction or evaporation can be
observed. The DSC operates by comparing the heat flow to an empty reference crucible with that
of a sample in a second crucible. An endothermic process can be observed as heat flow increases
to the sample, maintaining the set temperature of the heating program; an exothermic process will
be seen as the opposite. In both systems, a heating or cooling program is pre-programmed at a set
rate, and the effect of the temperature increase on the sample can be observed through an attached
personal computer.
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Figure 3.4: Netzsch DSC 404 F1 Pegasus.

Figure 3.5: Netzsch TGA 209 F1 Iris with Netzsch QMS Aëolos.

Temperature calibration was conducted on both instruments using melting points of
calibration standards under testing conditions (i.e., gas type and flow, crucible type, and heating
rates). The melting points of the calibration standards covered a range of 156 – 660 °C. For DSC,
a sensitivity calibration was simultaneously conducted using the same standards. The sensitivity
calibration compares the total heat flow from the calibration standard to the expected value of
melting, allowing conversion of the heat flow into units of mW. Once the calibrations were
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completed, a correction file, using an empty sample crucible, was conducted for each crucible used
at each heating rate. This removed the error caused by variations in specific crucibles.
Due to the dominance of the peaks produced by argon in the mass spectrometer, helium
was chosen as the purge gas in the DSC. For consistency, helium was also used in the TGA. The
gas flow in the DSC was 20 mL/min purge flow and 20 mL/min protective flow. For the TGA, the
gas flow was set to 25 mL/min for both purge and protective flows (the minimum allowed by the
instrument). Note that the protective flow remains separated in the TGA, while the DSC allows
some mixture of the gas flows in the furnace. In cases in which a different gas had previously been
used in the instrument, the system was purged several times using vacuum cycles and flow
maintained for at least one hour prior to testing. Due to the volatility of the methanol and water in
the propellant mixtures, no vacuum cycles were used once the samples were loaded. Rather, an
isothermal step of 10 minutes was added to the heating program to displace residual air. The
heating phase was preceded by a 10 min isothermal purge at 100 mL/min, followed by a 10 min
isothermal purge at 20 mL/min (25 mL/min TGA) to stabilize the furnace atmosphere.
Approximately 10 μL of the sample were placed into an alumina crucible using a pipette.
The crucible was then placed into the chosen instrument. No lids were used due to the expected
production of gases from the samples. Following the 10 min isothermal step, the heating program
progressed at a constant heating rate (10, 5, 2.5, and 1 °C/min). The testing matrix for atmospheric
testing is shown in Table 3.1. The maximum temperature was set at 300 °C, by which point the
sample had completely decomposed. After cooling, the crucible appeared empty. Regardless, the
crucibles were cleaned after two tests by heating to at least 1000 °C in the DSC. An exception to
this occurred with gelled propellants. After heating to 300 °C, decomposition of the propellant was
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complete, but a black residue remained. As a result, the crucibles were cleaned after every test as
described above.
Table 3.1. Testing Matrix of Atmospheric Thermoanalytical Testing
DSC
Heating Rate (°C/min)

TGA

10 5 2.5 1 10 5 2.5 1

82.4 wt% Aqueous HAN

3

3

3

3

3

3

3

3

HAN with MeOH

3

3

3

3

3

3

3

3

Gelled HAN/MeOH

3

3

3

3

3

3

3

3

Thermoanalytical Experiments at High Pressure
High pressure differential scanning calorimetry (HPDSC) was conducted in a Netzsch DSC
204 HP Phoenix (Fig. 3.6). The HPDSC operates under the same principles as the DSC, in which
the heat flow to a sample crucible is compared to an empty reference crucible. To achieve the
desired pressure, commercial nitrogen cylinders (AirGas) are connected to the instrument. A
control console allows the test pressure and flow rate to be set, and flowmeters control the flow of
gas into and out of the furnace to maintain pressure stability. Note that the system cannot be
operated at a higher pressure than the attached cylinder; the system is not equipped with a gas
booster. For this reason, nitrogen cylinders with a capacity of 3500 psi (24 MPa) were purchased.
Temperature and sensitivity calibration was conducted for all combinations of tested pressures,
temperatures, and heating rates over a temperature range of 156 – 420 °C using melting point
standards.

40

Figure 3.6: Netzsch DSC 204 HP Phoenix.

As with the TGA and DSC described above, a 10 μL sample was placed into an alumina
crucible, without a lid. Nitrogen purge gas was used at a flow rate of 100 mL/min for 10 min to
replace the air in the furnace. No vacuum cycles were used to retain as many volatiles (water and
methanol) in the sample as possible. Once the 10 min purge phase was complete, the purge valve
was closed and the furnace pressurized to the desired test pressure. Once the pressure stabilized,
the temperature program was started. An initial 10 min isothermal phase was added at the
beginning of the heating program to verify the pressure stabilization prior to the heating phase. In
contrast to the thermoanalytical testing at atmospheric pressure, the HPDSC testing was conducted
under static conditions, although some degree of gas flow occurred as a result of maintaining the
desired pressure while heating. Heating rates were varied at 10, 5, 2.5, and 1 °C/min at pressures
15.1, 10.1, 5.1, 2.1, 1.1, 0.6, and 0.2 MPa. A minimum of one test was conducted at each heating
rate and pressure. The test matrix for the HPDSC experiments is shown in Table 3.2.
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Table 3.2. Testing Matrix of High Pressure DSC Testing
82.4 wt% Aq. HAN Ungelled Propellant Gelled Propellant
Heating Rate (°C /min)

10

5

2.5

1

10

5

2.5

1

10

5

2.5

1

15.1 MPa

3

1

1

1

3

3

3

3

3

1

1

1

10.1 MPa

3

2

2

1

3

3

3

3

3

1

2

1

5.1 MPa

3

2

3

2

3

3

3

3

3

2

1

1

2.1 MPa

3

1

1

1

3

3

3

3

3

1

1

1

1.1 MPa

3

1

1

1

3

3

3

3

3

1

1

1

0.6 MPa

3

1

1

1

3

3

3

3

3

1

1

1

0.2 MPa

3

1

1

1

3

3

3

3

3

1

1

1

For catalytic testing, a foam catalyst of iridium on rhodium support was purchased from
UltraMet. Designed to fit inside the DSC crucible, the disk is 5.0 mm in diameter and 2.0 mm in
height with 100 pores per inch (39.4 pores per cm). For experiments conducted using the catalyst,
the correction file was completed with the catalyst disk in the sample crucible. This meant that
only the mass of the sample was calculated by the computer in determining the heat flow. For the
actual experiment, the sample was added on top of the catalyst using a pipette. All catalytic testing
in the HPDSC was conducted at 10 °C/min.
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Chapter 4: Results
Combustion of Ungelled HAN/Methanol Propellants
Strand burner tests were conducted over gauge pressures 8 – 30 MPa, with 3 tests
performed at 1 MPa intervals. Additional tests were performed at 12.6 and 13.6 MPa to clarify the
combustion regime at 12 – 14 MPa. A test was considered successful if the fuse wires broke and
the timer started and stopped. Two tests were conducted at 8 MPa. In both of these tests, the timer
did not operate properly, and no usable data was produced. However, most of liquid had
disappeared, with approximately 1 cm (0.4 mL) of yellowish liquid remaining at the bottom of the
sample tube. No further testing was conducted at pressures below 8 MPa.
The results of the strand burner experiments using the ungelled propellant are shown in
Fig. 4.1. For comparison, results from [9] and [28] are included. Error bars from present work
indicate one standard deviation from the average of the three tests at a given pressure. In the range
9 – 12 MPa, the burning rate decreases with increasing pressure, according to the following power
law:
𝑟𝑏 = 776.02𝑃−0.75

(11)

where rb is the burning rate in mm/s and P is the absolute pressure in MPa. A significant increase
in the burning rate occurred at pressures 12 – 14 MPa. At 14 – 19 MPa no pressure effect was
observed and the average burning rate in this range was 189 mm/s. At 20 MPa, the burning rate
suddenly decreased by 13 % to 165 ± 3 mm/s. Finally, at 22 – 30 MPa, the burning rate increased
according to the power law:
𝑟𝑏 = 2.34𝑃1.35

(12)
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Figure 4.1: Linear burning rate of HAN/methanol/water propellant vs. pressure in the present
work (points), in [26] (solid line), and in [8] (dashed line).

It is apparent from the large error bars at 12.1 – 13.6 MPa that very different burning rates
were recorded at each tested pressure. To clarify the cause of this, the results of individual
experiments, rather than averages, are shown in Fig. 4.2. It is seen that in each test, the burning
rate was either low (following the trend at lower pressures) or high (as with higher pressures). No
results were found to lie in a middle region. This indicates that the range 12.1 – 13.6 MPa is a
transition region in which the combustion regime moves from slow (section A) to fast (Section B).
Apparently, at these pressures, small fluctuations in the experimental conditions and burning
behavior can shift the regime from A to B.
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Figure 4.2: Linear burning rate of HAN/methanol/water propellant vs. pressure in the range 9–19
MPa (actual data points).

Combustion of Gelled HAN/Methanol Propellants
Figure 4.3 shows the obtained dependence of the linear burning rate of gelled aqueous
HAN/methanol propellant on absolute pressure. For comparison, the figure also shows the results
of the ungelled propellant. Error bars represent one standard deviation from the average at each
pressure. It is clear that gelling has suppressed the variety of burning regimes seen with increasing
pressure in the ungelled propellant, and the propellant maintains a constant pressure exponent
throughout the tested pressure range. The obtained pressure dependence of the burning rate is:
𝑟𝑏 = 4.54𝑃1.15

(13)

It should be noted that burning rates for the gelled mixture were determined at pressures as
low as 4 MPa. In the test at 3 MPa, no data was produced as the fuse wires did not break.
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Apparently the temperature of the combustion front was not high enough to break the fuse wires,
which DSC confirmed melted at 318 °C.

Figure 4.3: Linear burning rates of gelled (red squares) and ungelled (blue circles)
HAN/methanol/water mixture vs. pressure.

Figure 4.4 shows sample tubes after combustion at pressures 4 – 9 MPa. At 4 MPa, the
sample tube interior was coated with a thick black residue. With increasing pressure, this residue
became thinner, until disappearing at pressures above 10 MPa. This residue was not seen after
testing the ungelled version of the propellant. As the fuse wires were unbroken in these tests, the
temperature of the combustion front exceeded 318 °C in all of them.
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Figure 4.4: Sample tubes after combustion of gelled HAN/methanol/water mixture (left to right,
4 – 9 MPa).

Thermoanalytical Studies at Atmospheric Pressure
The testing of 82.4 wt% aqueous HAN solution performed similar to previous work [4].
Typical DSC curves at the four heating rates are shown in Figure 4.5. The prominent feature of
each test is a pronounced exothermic peak, the height of which increases at faster heating rates.
Below 100 °C, a smooth endotherm is observed, which correlates to the evaporation of water from
the aqueous solution. Directly following the exothermic peak, an additional endothermic section
is seen. This endothermic section tends to be longer in duration at lower heating rates, with a
pronounced inflection point at which it returns to the baseline.
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Figure 4.5: DSC curves of 82.4 wt% aqueous HAN solution. Heating rates: 10 °C/min (solid
blue), 5 °C/min (dotted red), 2.5 °C/min (dashed green), 1 °C/min (long dashed grey).

Similarly, the TG curves began with a gentle drop in mass corresponding to the evaporation
of water (see Fig 4.6). Note that the TGA results have been normalized to a zero baseline. After
approximately 100 °C, the decomposition proceeds in three phases. First, a mass loss of steadily
increasing slope occurs until approximately 85 % of mass is lost. In some cases, close examination
of the end of this phase indicates that the slope begins to decrease again, suggesting a sigmoidal
curve. However, this flattening is interrupted by a sudden shift to a near-vertical slope, indicating
a rapid mass loss. Finally, an elongated region of somewhat constant slope occurs, most likely
correlated to the endothermic region of the DSC curve, before the curve flattens out, indicating
decomposition is complete. It was observed after both the DSC and TGA tests that nothing is
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remaining in the crucible past this point, so it can be assumed that some mass loss has occurred
prior to the beginning of the test due to evaporation of volatiles.

Figure 4.6: TG curves of 82.4 wt% aqueous HAN solution. Heating rates: 10 °C/min (solid blue),
5 °C/min (dotted red), 2.5 °C/min (dashed green), 1 °C/min (long dashed grey).

When methanol is added to the solution, the results are similar, as shown in Figs. 4.7 (DSC)
and 4.8 (TGA). Note that in the DSC tests, a pronounced exothermic peak continued to be apparent.
Similarly, in TGA tests, the section of near-vertical slope also remained.
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Figure 4.7: DSC curves of aqueous HAN/methanol solution. Heating rates: 10 °C/min (solid
blue), 5 °C/min (dotted red), 2.5 °C/min (dashed green), 1 °C/min (long dashed grey).

Figure 4.8: TGA curves of aqueous HAN/methanol solution. Heating rates: 10 °C/min (solid
blue), 5 °C/min (dotted red), 2.5 °C/min (dashed green), 1 °C/min (long dashed grey).
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Finally, the aqueous HAN/methanol mixture was gelled with polyacrylamide. As shown in
Fig. 4.9, this had the effect of suppressing the exothermic peak in the DSC curve. Whereas the
aqueous HAN and HAN/methanol solutions produced exothermic peaks on the order of 1 mW/mg
even at the slowest heating rates, here even the fastest heating rates produce peaks barely above
that figure. The endothermic peaks seen in Fig. 4.9 are similar to those seen in previous testing of
ungelled solutions. The height of these peaks appears exaggerated due to the much reduced scale
of the heat flow.

Figure 4.9: DSC curves of gelled aqueous HAN/methanol solution. Heating rates: 10 °C/min
(solid blue), 5 °C/min (dotted red), 2.5 °C/min (dashed green), 1 °C/min (long dashed grey).

Similarly, in the TGA curves of the gelled mixture (Fig. 4.10), the near-vertical slope is
missing. The mass loss instead proceeds to some point beyond 90 % mass loss before apparently
shifting to a section of somewhat constant slope.
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Figure 4.10: TG curves of gelled aqueous HAN/methanol solution. Heating rates: 10 °C/min
(solid blue), 5 °C/min (dotted red), 2.5 °C/min (dashed green), 1 °C/min (long dashed grey).

It should also be noted that the ungelled propellant samples resulted in clean crucibles, as
is expected based on the products of HAN decomposition. The gelled propellant mixtures,
however, resulted in a small amount of brown residue. This was found to be of negligible mass
and is certainly the result of un-decomposed polyacrylamide. No significant changes occurred in
the detected gases in MS in the gelled propellant mixture. As shown in Fig, 4.11, the most
prominent mass-to-charge ratios are 18, 30, 44, and 46, indicating H2O, NO, N2O, and NO2, as
well as HNO3. It is possible that the peak at m/z = 44 could indicate the presence of CO2, but this
has not been verified. The significantly smaller peak at m/z = 31 is likely the result of methanol
evaporation. The signal begins to fall from the start of the test, suggesting the evaporation occurs
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before the decomposition of HAN, although some amount may remain bonded and evolves during
the peak decomposition.

Figure 4.11: MS results of gelled propellant mixture (heating rate 10 °C/min).

Thermoanalytical Studies at Elevated Pressures
Initial HPDSC testing was conducted using a 24 wt% HAN aqueous solution with three
vacuum cycles, thus removing the water from the sample prior to the start of the heating program.
These tests were conducted by Dr. Alan Esparza in support of the current work, and the results are
shown in Fig. 4.12. The heating rate was 10 °C/min. The temperature of the exothermic peak
dropped by approximately 50 °C as pressure increased to 2 MPa and became relatively consistent
with further pressure increases. For clarity, the saturation temperatures of water and nitric acid are
also shown.
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Figure 4.12: DSC peak temperature of 24 wt% HAN aqueous solution vs. pressure, saturation
temperature of water (blue), saturation temperature of nitric acid (red).

A series of tests was conducted with 82.4 wt% HAN aqueous solution using the foam
catalysts described in Chapter 3 and identical to those used in [4]. All tests were conducted at
10 °C/min. These results are shown in Fig. 4.13. HPDSC results from the previous and current
work are included for comparison. Rather than the significant drop seen in thermal (non-catalytic)
decomposition, the peak decomposition temperature is reduced to 125 °C at the lowest tested
pressures and falls slightly to approximately 110 °C at 2 MPa and then remains constant.
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Figure 4.13: DSC peak temperatures of 24 wt % HAN aqueous solution with vacuum cycles
(blue squares), 82.4 wt% HAN aqueous solution (green triangles), 82.4 wt% HAN aqueous
solution with Ir-based foam catalyst (red circles).

The thermoanalytical studies of the mixtures with methanol and polyacrylamide were
conducted without any catalyst.
In the HPDSC, the peaks were considerably higher than those seen in the atmospheric
testing. Typical curves of the aqueous HAN solution, ungelled propellant mixture, and gelled
propellant mixture are shown in Fig. 4.14.
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Figure 4.14: DSC curves of HAN based mixtures at 5 MPa and 10 °C/min. 82.4 wt% HAN
aqueous solution (green dotted line), HAN/methanol propellant mixture (solid red), gelled
HAN/methanol propellant mixture (dashed blue).

In general, there was no significant change in the temperature of the decomposition peak
with the addition of methanol or polyacrylamide. This can be seen more clearly in Fig. 4.15, a
comparison of all tested pressures 0.6 – 15.1 MPa. Similar to the previous results of 24 wt% HAN
aqueous solution with vacuum cycles, there is a significant reduction on the peak temperature as
pressure increases to 2 MPa, beyond which the decomposition temperature remains fairly constant.
In addition, the peak heat flow during the decomposition also increased significantly as pressure
increased to 2 MPa, before remaining constant with increasing pressure, as shown in Fig. 4.16.
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Figure 4.15: DSC peak temperatures of HAN based mixtures at 10 °C/min and pressures 0.6 –
15.1 MPa. 82.4 wt% HAN aqueous solution (green diamonds), HAN/methanol propellant
mixture (red squares), gelled HAN/methanol propellant mixture (blue circles).
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Figure 4.16: DSC peak heat release of HAN based mixtures at 10 K/min and pressures 0.6 – 15.1
MPa. 82.4 wt% HAN aqueous solution (green diamonds), HAN/methanol propellant mixture
(red squares), gelled HAN/methanol propellant mixture (blue circles).

In attempting to determine kinetic parameters of the various mixtures, the heating rate was
varied. Three tests were conducted at each pressure at 10 °C/min, while a minimum of at least one
test was conducted at each pressure at 1, 2.5, and 5 °C/min. These results are shown in Figs. 4.17
(82.4 wt% HAN aqueous solution), 4.18 (ungelled propellant mixture), and 4.19 (gelled propellant
mixture). Similar to the results shown in Fig. 4.12, the peak decomposition temperature drops
noticeably as pressure increases to 2 MPa, and then remains relatively constant with additional
pressure. Interestingly, the gelled propellants exhibited particularly low peak temperatures at
slower heating rates and lower pressures; the cause for this remains undetermined.
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Figure 4.17: DSC peak temperatures of 82.4 wt% HAN aqueous solution at pressures 0.1 – 15.1
MPa. Heating rate: 10 °C/min (blue), 5 °C/min orange), 2.5 °C/min (grey), 1 °C/min (yellow).
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Figure 4.18: DSC peak temperatures of ungelled HAN/methanol propellant mixture at pressures
0.1 – 15.1 MPa. Heating rate: 10 °C/min (blue), 5 °C/min orange), 2.5 °C/min (grey), 1 °C/min
(yellow).
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Figure 4.19: DSC peak temperatures of gelled HAN/methanol propellant mixture at pressures 0.1
– 15.1 MPa. Heating rate: 10 °C/min (blue), 5 °C/min orange), 2.5 °C/min (grey), 1 °C/min
(yellow).
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Chapter 5: Discussion
In examining the HAN decomposition temperatures at elevated pressures, a drop in the
peak decomposition temperature occurs as the pressure is increased to 2 MPa. Simultaneously, the
boiling points of water and nitric acid increase. As described above in the literature review, both
of these chemicals are known to be products of HAN decomposition. While the exact effect of
water remains speculative, the nitric acid is known to play an important role in advancing the
reaction mechanism. At approximately 2 MPa, the boiling point of nitric acid is increased beyond
the HAN decomposition temperature. As a result, the formed nitric acid is no longer evaporated
and contributes to the rapid HAN decomposition seen in the exothermic peaks at lower
temperatures. This is further supported by the increasing heat release as pressure is increased to
2 MPa and remains stable with further pressure increases.
It is evident in comparing the present work to McCown and Petersen’s results [28] that the
burning rates here are considerably faster than the earlier work, although the same general trend is
apparent. The results of [28] were determined using pressure recordings in a relatively small
burner, in which the point of initial pressure increase and point of maximum pressure were selected
as the start and end points for the purpose of determining the burning rate. Later comparison of
these results to high-speed video recordings indicated that the liquid was exhausted at some point
prior to the point of maximum pressure [40]. In addition, an inflection point in the pressure chart
coincided with the exhaustion on the liquid propellant in the burner. Based on this discrepancy,
the authors concluded that follow-on gas phase reactions continued to increase the pressure inside
the burner for some time after the liquid was exhausted. Because the pressure-based measurements
resulted in a longer burn time for the same propellant strand length, this resulted in slower than
expected apparent burn rates. Similarly, the smaller chamber volume in the work [28] led to a
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significant pressure increase (approximately 1.25 MPa) in the course of a single test. Such a
pressure increase could lead to a change in the burning regime within a test and hence to the
apparent leftward shift of the transition region in the plot.
The sudden increase in burning rate at 12 – 14 MPa can be explained by supercritical
effects. The critical points of the propellant ingredients are shown in Table 5.1.

Table 5.1: Critical Point Properties of Methanol, Water, and HAN
Component

Pc (MPa)

Tc (K)

Vc (cm3mol-1)

Ref.

Methanol

8.1

513

117

[41]

Water

22.1

647

56

[41]

HAN

7.7

763

196

[42]

Clearly, none of these critical points coincides with any of the transition points in the
burning regimes. However, the pseudocritical points of the mixtures can be calculated using the
corresponding states method, in which it is assumed that two substances at the same reduced state
are expected to have the same reduced properties. Specifically, the Prausnitz-Gunn expressions
[43] are used (Eqs 14 and 15). Here yj, Tcj, Pcj, and Vcj are the mole fraction, critical temperature,
critical pressure, and critical molar volume of component j.
(14)

𝑇𝑐,𝑚 = ∑ 𝑦𝑗 𝑇𝑐𝑗
𝑗

−1

𝑃𝑐,𝑚

(15)

𝑦𝑗 𝑃𝑐𝑗 𝑉𝑐𝑗
) (∑ 𝑦𝑗 𝑉𝑐𝑗 )
= 𝑇𝑐,𝑚 (∑
𝑇𝑐𝑗
𝑗

𝑗
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The calculated pseudocritical points of methanol/water and HAN/methanol/water mixtures
are shown in Table 5.2. While the critical pressures are below and above the identified transition
range, respectively, the exact nature of the mixture is unclear. The HAN is dissolved in solution,
and therefore is in ionic form; further, it is probable that the reversible proton transfer reaction
(Eq. 2) produces at least some levels of hydroxylamine and nitric acid in the solution, even
temporarily. In addition, the critical properties for HAN were calculated theoretically in [42], and
not experimentally verified. Finally, while this calculation has been verified to produce reasonably
accurate results for the binary methanol/water mixture [44], it has not been verified for ionic liquidbased mixtures.
Table 5.2: Critical Point Properties of Methanol/Water and HAN/Methanol/Water Mixtures
Component

ymethanol

ywater

yHAN

Pc (MPa)

Tc (K)

Methanol/Water

0.357

0.643

-

14.5

599

HAN/Methanol/Water

0.228

0.411

0.361

10.5

658

If, however, the mixture becomes a supercritical fluid at 12.1 – 13.6 MPa, it easily explains
the rapid increase in burning rate. It has been shown above that the first stage of combustion of
HAN-based monopropellants is the decomposition of HAN. At pressures below 12 MPa, the HAN
decomposition produces gas bubbles inside a liquid with a finite latent heat of vaporization. As a
result, the evaporation of the liquid draws heat from the HAN reactions and limits the temperature
of the combustion front. Since the temperature is constrained in this manner, the reaction rate is
suppressed. In contrast, once the critical point is reached, the latent heat of the liquid mixture no
longer exists. Here the HAN decomposition gases are formed in a supercritical fluid. Since there
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is no phase change absorbing the produced heat, the combustion front temperature, and therefore
the reaction rate, can rapidly increase.
With the addition of polyacrylamide, the various burning regimes have been suppressed.
In addition, reliable data was recorded at pressures as low as 4 MPa, considerably lower than the
ungelled propellant. As described above, the fuse wires have a melting point of 318 °C. This
implies that the combustion front temperature exceeded that point in these tests.
Let us consider the thermal decomposition of PAM. The decomposition of PAM is known
to occur in two stages at 330 °C and 400 °C, based on TGA analysis [45] and later confirmed [46].
A later study using mass spectrometry identified a first stage of peak gas evolution at 272 – 297 °C,
and a second stage at 374 – 384 °C [47]. A further peak of gas evolution was also observed at
481 – 572 °C. Note that different mass-to-charge ratios were observed at each of these peaks,
indicating a change in the species evolution. In this later test, the polyacrylamide was completely
decomposed by 700 °C; although not specifically stated, the TGA curve implied complete loss of
PAM mass.
In the present study, the residue seen in Fig. 4.4 suggests that the PAM decomposition is
incomplete. Based on the breaking of the fuse wires, it can be assumed that the combustion front
temperature is above 318 °C, and likely above 330 °C, the first stage of PAM decomposition.
However, the temperature is likely not high enough at these pressures to progress through the
second stage of decomposition. As a result, the black residue is left as evidence of the incomplete
PAM decomposition. As the pressure, and in turn the temperature, increase, the PAM
decomposition proceeds to greater completeness and the residue becomes thinner. Eventually, at
10 MPa, the residue is gone completely, implying a combustion front temperature above 400 °C.
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It can also clearly be seen in Fig. 4.3 that the burning rates of the gelled propellant are
lower than those of the ungelled sample at pressures up to 20 MPa. As described above in [10], in
the ungelled propellant, large bubbles penetrate the liquid-gas interface, superheating the liquid
and rapidly creating more bubbles. This has the effect of greatly increasing the surface area of the
combustion front and giving rise to the increase in apparent burning rates. However, the higher
viscosity of the gelled propellant, combined with an apparently higher surface tension, inhibits the
growth of bubbles, decreasing the turbulence at the liquid-gas interface and reducing the surface
area. As a result, the apparent burning rate decreases.
In comparing the DSC and TGA curves at atmospheric pressure, the period of rapid mass
loss in the TGA and the exothermic peak coincide. Table 5.3 summarizes the average temperature
of the DSC peak and the average temperature at which the mass loss begins in the TGA. This
indicates that the exothermic peak in the DSC is occurring with approximately 10 % of the original
mass. While some of this is due to the evaporation of the water and, when added, methanol, a
majority of the HAN is being lost prior to the exothermic peak due to the loss of gas phase products.

Table 5.3: Comparison of DSC Peaks and TGA Peak Mass Loss
Average DSC Peak

Average Onset of Rapid

Temperature (°C)

Mass Loss (°C)

10

221

216

5

203

197

2.5

186

184

1

163

171

Heating Rate (K/min)
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In examining the decomposition of the gelled propellant, the exothermic peak has been
suppressed and the period of rapid mass loss is not evident. This effect occurs because the
temperature remains well below the decomposition temperature of PAM. The other components
are either evaporated (water and methanol) or begin thermal decomposition. However, due to the
elevated temperature and slow heating rate, the intermediate products of HAN decomposition, in
particular nitric acid, are evaporated quickly after formation. As a result of these processes, at the
point when the exothermic peak/ rapid mass loss should occur, the concentration of PAM has been
increased from 1 wt% to something akin to 10 wt%. At this concentration, the gelling agent
significantly interferes with the ongoing HAN decomposition reactions, and the exothermic peak
is suppressed.
In the HPDSC, however, the exothermic peak remains apparent in all three mixtures, and
is, in fact, more pronounced by roughly an order of magnitude at pressures above 2 MPa. It is also
seen to increase at lower pressures, although to a lesser extent. This provides further evidence that
the products of the initial reactions of the HAN decomposition are rapidly evaporated at the
relatively slow heating rates of the thermoanalytical instruments at lower pressures. Here, the
intermediate products, in particular nitric acid, remain in the condensed form in the crucible and
lead to a runaway reaction at lower temperatures. It is also apparent in examining the HPDSC
results that there is little effect on the heat release or the peak decomposition temperature caused
by the addition of methanol or polyacrylamide at the slow heating rates of thermoanalytical
experiments. Regardless of the additives, the HAN decomposition remains the most significant
event of the experiment. This supports the hypothesis that the suppression of the fluctuating
burning rates by the polyacrylamide is hydrodynamic rather than chemical.
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To understand why the exothermic peak occurs when most of the mass has already been
lost in the TG curve, the heats released or consumed in the reaction steps of the HAN
decomposition mechanism [16] were calculated. The used enthalpies of formation of the involved
species at 298.15 K and 1 atm are summarized in Table 5.4. Various values for the enthalpy of
formation of HAN have been theoretically derived: -87 kcal/mol (364 kJ/mol) [18]; -361.10 kJ/mol
[48]; -95.3 kcal/gmol (-398.7 kJ/mol) [42]. Here the value presented by Kounalakis and Faeth [42]
was chosen as a conservative selection.
Table 5.4: Comparison of DSC Peaks and TGA Peak Mass Loss
Enthalpy of Formation
Component

Reference
(kJ/mol)

HAN

-398.7

[42]

HNO3

-134.306

[49]

NH2OH

-97.1

[50]

H2O

-285.83

[49]

N2O

82.048

[49]

NO2

33.095

[49]

NO

90.291

[49]

HNO2

-76.735

[49]

HNO

99.579

[49]

The reduced reaction mechanism is re-examined based on the reaction heats above. Note
that the reaction heats are based on the enthalpies of formation at 298.15 K, and no attempt was
made here to adjust to the temperature change due to the heating program or the rise in temperature
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of the products. This is due to the lack of information concerning the specific heat and the change
in heat of formation of HAN and hydroxylamine over a range of temperatures. Also note that since
the enthalpy of formation of liquid water was used, the actual reaction heats involving product
water are higher if the water is vaporized. However, the reaction heats below provide some insight,
although imperfect, into the reaction mechanism of HAN decomposition.
𝑁𝐻3 𝑂𝐻 + 𝑁𝑂3− ↔ 𝑁𝐻2 𝑂𝐻 + 𝐻𝑁𝑂3 − 167.3 𝑘𝐽

(16)

𝑁𝐻2 𝑂𝐻 + 𝐻𝑁𝑂3 → 𝐻𝑁𝑂 + 𝐻𝑁𝑂2 + 𝐻2 𝑂 + 31.6 𝑘𝐽

(17)

𝑁𝐻2 𝑂𝐻 + 𝐻𝑁𝑂2 → 𝑁2 𝑂 + 2𝐻2 𝑂 + 315.8 𝑘𝐽

(18)

𝑁𝐻2 𝑂𝐻 + 𝐻𝑁𝑂 → 𝑁2 + 2𝐻2 𝑂 + 574.1 𝑘𝐽

(19)

𝐻𝑁𝑂 + 𝐻𝑁𝑂3 → 2𝐻𝑁𝑂2 − 40.0 𝑘𝐽

(20)

𝐻𝑁𝑂2 + 𝐻𝑁𝑂3 → 2𝑁𝑂2 + 𝐻2 𝑂 − 8.6 𝑘𝐽

(21)

2𝐻𝑁𝑂 → 𝑁2 𝑂 + 𝐻2 𝑂 + 402.9 𝑘𝐽

(22)

3𝐻𝑁𝑂2 → 2𝑁𝑂 + 𝐻𝑁𝑂3 + 𝐻2 𝑂 + 9.3 𝑘𝐽

(23)

The initial proton transfer reaction (Eq. 16) is endothermic. The greatest heat release
reactions are those involving HONO and HNO reacting with hydroxylamine (Eq. 18 and 19,
respectively). A common occurrence in the atmospheric DSC tests was the appearance of an
endothermic dip immediately before the exothermic peak. This same feature was also apparent in
[4], although not addressed. This suggests that at the point just prior to the exothermic peak, an
endothermic reaction such as the proton transfer accelerates. If it is assumed that this is an
acceleration of the proton transfer reaction (Eq. 16), this may produce the hydroxylamine and nitric
acid at a rate higher than they can be removed by the purge gas and the elevated temperature. This,
in turn, allows the follow-on exothermic reactions to take place and leads to the pronounced heat
release.
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In addition, Eqs. 17 – 19 produce significant amounts of water on a molar basis. It has been
proposed that HAN in an aqueous solution has a lower bonding energy than pure HAN, allowing
the reactions to proceed easier [21]. The rapid production of water at this stage could essentially
decrease the HAN concentration, recreating the solution and thereby breaking the NH3OH+ and
NO3- bonds and increasing the collision rate. This hypothesis is supported by the HPDSC results,
in which increasing pressure leads to a drop in the decomposition temperature. While the retention
of produced nitric acid is a cause of this phenomenon, the condensed phase water retained in the
crucible, particularly in tests without vacuum cycles, is likely contributor to this effect. While no
endothermic dip was recorded in the HPDSC results, this is most likely an effect of the reduced
evaporation of the intermediate products under those experimental conditions.
Attempts to determine the kinetic parameters from the HPDSC results were unsuccessful.
A typical Arrhenius plot for the aqueous HAN/methanol propellant at 5 MPa is shown in Fig. 5.1.
Note that the x-axis is the reciprocal of the absolute temperature and the y-axis is the logarithm of
the heating rate β. Despite numerous attempts, no consistent pattern developed from which
apparent activation energy and pre-exponential factor could be determined. This remained true for
the 82.4 wt% HAN aqueous solution and the gelled propellant as well. It is possible that the change
in heating rates under the HPDSC conditions results in a change to the reaction mechanism,
favoring one reaction over another as the heating rate is varied, but this is beyond the scope of the
present work.
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Figure 5.1: Arrhenius plot of aqueous HAN/methanol propellant at 5 MPa and heating rates (β)
of 1, 2.5, 5, and 10 °C/min.

The catalytic effect of the Ir-based catalyst is evident in the results presented in Chapter 4.
At the lowest tested pressures, the peak decomposition temperature drops by roughly 40 °C and
continues to fall to approximately 110 °C as pressure increases to 2 MPa. This is similar to the
effect seen in the thermal decomposition of HAN with pressure. Although the effect was greatest
at the lowest pressures, an observable drop in the decomposition temperature was apparent even
at pressures above 2 MPa.
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Chapter 6: Conclusions
An aqueous HAN/methanol propellant (70.1 wt% HAN, 14.9 wt% methanol) was ignited
in a strand burner at pressures 9 – 30 MPa. Although tests conducted at 8 MPa resulted in the
regression of the liquid surface, the fuse wires were unbroken and no usable data was produced. A
series of four pressure-based burning regimes were observed at 9 – 30 MPa, including a decreasing
burning rate at 9 – 12 MPa with a pressure exponent of −0.75, a plateau at 14 – 19 MPa, a decrease
by 13% at 20 MPa, and an increasing burning rate at 22 – 30 MPa with a pressure exponent of
1.35. A transition region was identified at 12 – 13.5 MPa and explained by supercritical fluid
effects.
The addition of 1 wt% polyacrylamide suppressed the various burning regimes, resulting
in a constant pressure exponent of 1.15. Successful tests were conducted at pressures as low as
4 MPa, although these lower pressures produced a significant amount of black residue in the
sample tubes. Based on the decomposition temperatures of the two-stage polyacrylamide
decomposition and the melting point of the fuse wires, this indicates a combustion front
temperature higher than 318 °C at pressures 4 – 9 MPa. In addition, the gelled propellant resulted
in slower burning rates at pressures up to 20 MPa. These results can be explained by the decreased
reaction surface due to the increased viscosity and limited movement of HAN decomposition
bubbles.
Thermoanalytical experiments with aqueous HAN and both ungelled and gelled
propellants at atmospheric pressure indicated that a large part of the methanol evaporated prior to
the decomposition of HAN, and the increased concentration of the gellant suppressed the
exothermicity of the process by interfering with the HAN decomposition reactions. However, DSC
at high pressures showed the addition of methanol and polyacrylamide had no effect on the
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decomposition of HAN. Therefore, the suppression of the fluctuating burn rates in the gelled
propellant is caused by hydrodynamic phenomena. The use of an iridium-based foam catalyst
reduced the peak decomposition temperature of 82.4 wt% HAN aqueous solution by
approximately 40 °C at the lower pressures, and continued to have a more limited effect at
pressures above 2 MPa.
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